Although the biological significance of these two entirely different heterologous interactions between subunits is not clear, the conversion of the dimer from the elongated form as seen in the BI crystal into the more nearly spherical form as seen in the BII crystal could be accomplished by a rotation around a single axis of contact between the two subunits and may be the conformational change implied by the hysteretic kinetics. Thus these two different arrangements of the dimer may be involved in modulation of the enzyme's activity.
cently, the rate of development and application of precise methodology and instrumentation for carbohydrate analysis had tended to fall behind that of amino acid analysis and sequence determination. This is reflected in the fact that the carbohydrate compositions of many macromolecules are still only reported in terms of, e.g., 'total neutral carbohydrate' and by the fact that automated carbohydrate analysers have only recently become available commercially.
This situation stems not only from a lack of interest but also from several scientific circumstances. First, it is well established that carbohydrate structures/sequences can be much more complex than amino acid sequences. Whereas amino acids are generally only involved in linkages via their amino and carboxyl groups, thecarbohydrate may be linked in the pyranose or furanose forms (two anomeric forms each) and at any two of the five free hydroxy groups of such forms. Secondly, there are several classes of carbohydrate units-neutral, basic and acidice-each class demanding separate specialist attention for identification. Thirdly, the stabilities of glycosidic bonds between carbohydrate units vary markedly according to the class(es) of carbohydrates involved, and no one set of conditions can be used to split the bonds and yield all the carbohydrate components of a macromolecule in unit form.
The complete analysis of carbohydrate moieties of any macromolecule is important and is a requirement which precedes/accompanies sequence analysis in a complete structural identification. To facilitate identification, the carbohydrate must be cleaved into its monosaccharide units, but as indicated this is not straightforward. Neutral carbohydrate is usually liberated with 1 M-H~SO, at 100°C for 6h, stronger conditions causing excessive decomposition, whereas ~M -H C~ at 100°C for 8 h is necessary to release aminomonosaccharides, facile protonation of the amino group resisting further attack by Hi. However, this protonation stabilizes the monosaccharide, which is therefore extremely resistant to decomposition during hydrolysis (see Barker et al., 19686) . Uronic acids may be liberated by conditions used for neutral carbohydrate, but good yields are not obtained since decarboxylation occurs. Sialic acid is extremely acid-labile and is released by O . O S M -H~S~~ at 80°C for 1 h-its selective removal may, however, be difficult (Kennedy & Chaplin, 1973) . Ion-exchange chromatography has proved very useful in carbohydrate component analysis and earlier work has been reviewed (Samuelson, 1967 (Samuelson, , 1969 Ovodov, 1971) . Its advantages compared with gas-phase chromatographic analysis, which is also very useful, are direct loading to the analytical system, avoidance of conversion of the sample into a volatile derivative, and the avoidance of multiple peaks that may occur for a single monosaccharide.
General requirements of an ion-exchange system for carbohydrate fractionation
Separations are best achieved by using an automated set-up. This essentially consists of a column containing the resin and devices to pump the eluent, to programme changes in the type, pH and concentration of eluent, to mix (and heat if necessary) the eluate with reagent(s) that convert eluted carbohydrate into a chromophore, to pass the chromophore solution through a colorimeter, and a recorder to plot the colorimeter response against time.
One of the most important parts of any such system is the ion-exchange resin itself. It should be stable to the conditions of use and regeneration, and be reproducible in terms of degree of cross-linking, spherical shape, chemical composition and surface and porosity characteristics. The resin particles must be carefully selected, be graded to a narrow particle-size range, be of such a size as to give a reasonable back pressure during use, be easily and efficiently regenerated and washed, and not retain carbohydrate irreversibly. Considerable work may often be necessary to achieve optimum conditions of type, pH, temperature and flow rate of the column eluent to give a good separation. The system must produce a chromatogram in a reasonable time congruent with retention of good separations.
Zon-exchange chromatography of neutral carbohydrates
The term 'ion-exchange chromatography of neutral compounds' appears anomalous since a neutral compound has no capacity to participate in ion-exchange. Neutral carbohydrate may, however, be complexed with a molecule to give it ionic character, and a well-used technique based on this principle is that of borate complexing and chromatography of the complex on a borate-form ion-exchange resin (Khym & Zill, 1952; Zill et al., 1953) . A typical separation that may be achieved on this basis by using a Jeol analyser (see below) is shown in Fig. l(a) . Various elaborations of the borate technique have now been described. The other well-established technique depends on the differential partitioning of the carbohydrates between the resin and ethanol-water (Larsson & Samuelson, 1965; Samuelson & Stromberg, 1966) . Other systems have been described, and later references are summarized in Table 1 . Generally these systems and their improved versions work well, good separations and recoveries being achieved. However, attention has been drawn to the occurrence of a reversible Schiff's base or glycosylamineforming reaction between pentose and Amberlite resin IR-45 (OH-form) (Murphy et al., 1968) .
Retention factor
Retention factor Retention factor Ion-exchange resins have also been applied to the separation of neutral carbohydrate on a molecular-weight basis (Barker et al., 1969) . By using the resin as an ion-exclusion matrix, the size of the pores is controlled by the size of the counter ion, lithium being suitable for the separation of mono-and oligo-saccharides. Acidic species including acidic carbohydrates are excluded from the matrix and a particular attraction is that only water is used as eluent. A typical separation is shown in Fig. 1(b) .
Zon-exchange chromatography of basic carbohydrates and their derivatives
2-Amino-2-deoxy-~-galactose and 2-amino-2-deoxy-~-glucose, the most-common basic monosaccharides, generally occur in macromolecules as their N-acetylated derivatives, but become de-acetylated and hence basic in the acid hydrolysis necessary for their liberation. Since the 2-amino-2-deoxyhexoses are rendered ionic by protonation and since they are ninhydrin-positive, they may be separated by ion-exchange chromatography by using standard amino acid analysers provided the characteristics of the column eluents are adjusted to avoid coincidence with amino acid peaks when analysing a glycoprotein hydrolysate. The latter aspects have been given much attention and recent references to systems used are given in Table 1 , along with references to ion-exchange chromatography of less common amino carbohydrates and of 2-acetaniido-2-deoxyhexoses.
In addition to the use of standard amino acid analysers, the common 2-amino-2-deoxyhexoses may be separated on Dowex AG-50 W resin (Hf form) by using HC1 as eluent (Gardell, 1953) . Recent re-examination of the technique has shown that theamino carbohydrates may be well separated from amino acids ( Fig. lc) (Cho Tun et al., 1969; Kennedy, 1972) and a further advantage is that the technique can be made very sensitive by using a fluorometric assay (Cho Tun et al., 1969; Kennedy, 1972) .
Zon-exchange chromatography of acidic carbohydrates and their derivatives Although analyses are not required so frequently on account ofthe way in which acidic carbohydrates occur, the acidic carbohydrates are very amenable to ion-exchange chromatography. Particular attention has been given to the fractionation of hexuronic acids, as derived from proteoglycans, and aldonic acids, simple oxidation products of neutral monosaccharides. The separation of 'saccharinic acid'-type carbohydrates and glycosylaldonic acids etc. is of particular use in analysis of the products of alkaline degradation of neutral carbohydrates, a technique that is used for structural identification. More-recent references to the ion-exchange chromatography of acidic carbohydrates and their derivatives are given in Table 1 .
Ion-exchange chromatography of carbohydrate-derived polyols
The separation of polyols such as alditols, the reduced forms of aldoses, is important, since in certain instances it is useful to remove the reactivity of the C-1 aldehydic function of neutral carbohydrates by reduction. The resultant polyols may be separated by ionexchange chromatography by using the borate-complexing and partitioning techniques previously described. Other systems reported have the advantage that separations may be carried out in water alone as eluent. Also relevant to this section is the ion-exchange chromatography of smaller-molecular-weight polyols, particularly those which may arise from the reaction sequence: periodate oxidation, borohydride reduction and hydrolysis, a sequence that is of great importance in carbohydrate structural analysis. References to the ion-exchange chromatography of polyols and related compounds are summarized in Table 1 .
Analytical systems for monitoring carbohydrates during ion-exchange chromatography Table 1 shows that a variety of analytical methods has been used for column monitoring. Essentially, these are all based on well-known manual spectrophotometric techniques and have been automated. Where periodate oxidation of the carbohydrate liberates formaldehyde, the latter can be assayed by a variety of methods (see Cho Tunetal., 1969) . Although thisoxidation method does involve a number of stages, it is often the most satisfactory or even the only way of monitoring carbohydrates. Non-specific oxidation with chromic acid is also used.
For neutral carbohydrates, automated versions of phenol-, orcinol-, anthrone-and cysteine-HzSO, colorimetric assays have been used extensively. These methods although non-specific aresimple, but do involve concentrated acid, whereas reaction withp-anisyltetrazolium chloride (Tetrazolium Blue) (Mopper & Degens, 1972) does not. Neutral carbohydrates can usually also be monitored by the periodate-formaldehyde method. Basic amino carbohydrates are easily detected by the ninhydrin method; and may also be monitored by periodate-formaldehyde or by using 4-dimethylaminobenzaldehyde. Acidic carbohydrates are assayed according to their type: hexuronic acids by the carbazole-H,S04 method, aldonic acids by the periodate-formaldehyde method, sialic acids by the thiobarbituric acid method (based on that of Warren, 1959) . Polyols are usually monitored by the periodate-formaldehyde method.
In all these methods, sensitivity is clearly important and is governed not only by the assay system but also by the instrumentation. In general, spectrofluorimetric assay methods are more sensitive than spectrophotometric methods, but unfortunately few fluorimetric carbohydrate assays have been reported. However, the chromophore of the Table 1 . Systems for the ion-exchange chromatography of carbohydrates on ion-exchange resins Abbreviations: oa, orthophosphoric acid; sa, H2S04; AA, amino acids; Ac, acetyl derivatives (as prefix); AH, aldohexoses; AnH, anhydrohexoses; CA, lactic acid ; D, neutral disaccharides; EG, ethylene glycol; G, glyceraldehyde; GA, glyceric acid; Gal, glycolaldehyde; GaN, 2-amino-2-deoxygalactose; GcA, glycollic acid; GlaA, glucaric acid; Gln, 2-amino-2-deoxyglucose; GoA, glyoxylic acid; HA, hexonic acids; HN, 2-amino-2-deoxyhexoses (besides GaN, GIN and MaN) ; HNUA, 2-amino-2-deoxyhexuronic acids; HpA, heptonic acids ; Hpu, heptuloses; Hu, hexuloses; HuA, hexulosonic acids; HUA, hexuronic acids; HUALa, hexuronic acid lactones; I, isopropylidene derivatives (as prefix); KH, ketohexoses; KHp, ketoheptoses; L, reduced (alcohol) derivatives (as suffuc); MA, muramic acids; MaN, 2-amino-2-deoxymannose; Me, methyl glycosides (as prefix); MeE, methyl ethers (as prefix); 0, neutral oligosaccharides; OA, aldonic acidcontzining oligosaccharides; OUA, uronic acidcontainiig oligosaccharides; P, pentoses; PA, pentonic acids; PD, propane-l,2-diol; Ph, phenyl glycosides (as prefix); Po, polysaccharides; Pu, pentuloses; RA, tartaric acid; SA, saccharinic acids; T, tetroses; TA, tetronic acids; Tr, neutral trisaccharides; VA, ascorbic acid; XN, 3-amino-3-deoxy-, aminodideoxy-and diaminodideoxy-hexoses : 2H, 2-deoxyhexoses ; 2P, 2-deoxypentoses: 6CH. 6-chloro-6-deoxyhexoses; 6H, 6-deoxy- (1971) Gardell (1953) Antonopoulos ( BlOCHEMICAL SOCIETY TRANSACTlONS periodate-formaldehyde method is fluorescent and an automated fluorimetric version has been developed (Cho Tun et a [., 1969; Kennedy, 1973) and is very useful on account of the wide application of the method.
Instrumentation in automatic carbohydrate analysis
Technicon modular equipment has proved very useful, versatile and popular in setting up automated assay systems for monitoring carbohydrates in ion-exchange chromatography and many of the references cited describe the use of such equipment. In terms of a commercially available system coupling the ion-exchange chromatography and automated analysis, the single-sample Technicon Sugar Chromatography System has been available for some time. However, no fully automatic carbohydrate analyser was available until the introduction of the Jeol JLC-5AH and -6AH (Jeol Ltd.) analysers in 1969. In the last few months, automatic analysers have been brought on to the market by the Locarte Co. and others. Each machine performs neutral carbohydrate analysis only and each manufacturer has adopted the borate-complexing-ion-exchange column system as the basis for carbohydrate separation, with the detection system employing the orcinol-H2S04 (Technicon, Jeol) or the Tetrazolium Blue (Locarte) methods. Rapid, highpressure liquid chromatography has yet to be applied to ion-exchange chromatography of carbohydrates but undoubtedly holds potential.
Our purchase of the Jeol JLC-6AH analyser in 1972 was part of the equipping of the University of Birmingham Macromolecular Analysis Centre which has been established and set up in our laboratory. The purpose of this Centre, which is directed by a steering committee and is managed by a technical staff of two (Dr. J. E. Fox and Mr. D. A. Weetman), is to provide a service of carbohydrate and amino acid analysis to all members of the University. A Locarte analyser is used for amino acid analysis, and programming work is in hand to process results from the two analysers to customer requirements, the two machines being on-line to a Nova 1220 Mini-computer (Data General Corp.) .
The Jeol analyser is a factory modification of the conventional JLC-6AH amino acid analyser, and consists of dual heated ion-exchange columns, column eluent pump, variable tape-programmed eluent buffer and column regeneration systems, buffer and reagent refrigerator, automatic sample loader (capacity, 12), reagent pump, chromophore-development heating bath, dual colorimeters (two wavelengths) and chart recorder with scale expander. By using the recommended eluent programme, the standard separation that can be achieved is shown in Fig. l(a) . By using the same programme we have shown that L-fucose and D-fructose can also be chromatographed (Fig. la) , although the buffer programme has to be modified if avoidance of peak coincidence is necessary. Samples may be analysed in 6h and, by using standard 2mm path-length cells, 5 pg and more of carbohydrate can be detected, whereas the lower limit can be decreased to 1 pg by using lOmm cells.
Although not delivered in adaptable form, we foresee that the Jeolanalysermay beused for the analysis of carbohydrates by other ion-exchange systems and other spectrophotometric assays including extension to acidic and basic carbohydrates and polyols, provided the assay system involves a single reagent. Necessary alterations for such conversions are minimal and will permit the mode of operation of the machine to be changed in an hour or so. In addition to the standard carbohydrate separation, we have so far successfully used our machine for the molecular-weight separation of carbohydrates by the ion-exclusion method (Barker et a/., 1969) .
Conclusion
The ion-exchange chromatography of carbohydrates has been developed to the stage where most small-molecular-weight carbohydrates and their derivatives can beseparated, but the separation of the different sialic acids is an area still outstanding. However, there is great scope for the development of fully automated highly sensitive analysers of wide applicability not only to component analysis but also to the separation of D and L isomers of monosaccharides, and to the structural identification of carbohydrates. The principal advantage that g.1.c. has over 'classical' methods of carbohydrate analysis is that estimation of the amount of sugar is part of a separation-identification procedure.
Gas-Liquid
In this it is analogous to amino acid analysis by ion-exchange chromatography except that here identification is more positive, in that 'peaks' only arise from ninhydrin-reacting materials. By contrast, g.l.c., which almost invariably means with flame-ionization detection, gives a response with any organic material which is eluted during the chromatographic run. For this reason, methods depending on single-peak identification of sugars are only satisfactory when one has appreciable quantities of material and there is little background contamination.
Another advantage of g.1.c. is its sensitivity. An experienced operator, with reasonably clean material, should be able to analyse less than 1 nmol of monosaccharide. By using electron-capture detection, it should be possible to reach the pmol level.
A further advantage of g.1.c. is the flexibility of the system. One can vary the type of liquid phase and percentage loading, oven temperature and programming rate, carrier gas flow and so on. As a result, it is not difficult to devise systems capable of separating almost any combination of potentially volatile substances. The only limitation is that the chemical handling procedure should quantitatively transfer to the final injection mixture all the constituents in a form suitable for g.1.c.
Any new analytical system requires careful assessment and we have developed a routine for this which is presented in Table 1 . The first point concerns the choice of internal standard. Asuitablestandard should bereadilyavailable ina pure form and be chemically stable under the usual conditions of laboratory storage. It should preferably be a solid at room temperature. For routine use, an internal standard must be chemically similar to the compounds to be analysed. There are several reasons for this but the most important is that insensible losses, which are always present in any analytical procedure, should affect both compound and standard equally. Finally, the internal standard must have the correct g.1.c. properties, that is it should give a single peak close to the midpoint of the chromatographic run and in an unoccupied region of the chromatogram.
Preparation of derivatives for g.1.c. consists essentially of eliminating those groupings that render the compound non-volatile, such as charges and those capable of forming hydrogen bonds. The latter is particularly important in carbohydrate analyses and the field was therefore revolutionized by the development of suitable methods for the preparation of trimethylsilyl derivatives (Sweeley et al., 1963) .
The establishment of satisfactory g.1.c. conditions for any new analytical system may be tackled at two levels. Thus the general type of liquid phase required and the loading, together with the oven conditions, can usually be guessed from first principles or from the literature. However, the precise conditions must be established by trial and error with regard to the substances to be separated.
Once a satisfactory g.1.c. set-up has been achieved, the detailed analytical work can begin. First, the identity of each peak must be established and this is particularly important in substances such as carbohydrates which, by nature of the starting material or the chemical procedure, give rise to several isomers. Peaks are best identified by combined gaschromatography-mass spectrometry, but where this is not available one can carry out direct injection of the correct and characterized derivative of a single isomer. However,
